The structures of two salts of flunarizine, namely 1-bis[(4fluorophenyl)methyl]-4-[(2E)-3-phenylprop-2-en-1-yl]piperazine, C 26 H 26 F 2 N 2 , are reported. In flunarizinium nicotinate {systematic name: 4-bis[(4-fluorophenyl)methyl]-1-[(2E)-3phenylprop-2-en-1-yl]piperazin-1-ium pyridine-3-carboxyl-ate}, C 26 H 27 F 2 N 2 + ÁC 6 H 4 NO 2 À , (I), the two ionic components are linked by a short charge-assisted N-HÁ Á ÁO hydrogen bond. The ion pairs are linked into a three-dimensional framework structure by three independent C-HÁ Á ÁO hydrogen bonds, augmented by C-HÁ Á Á(arene) hydrogen bonds and an aromaticstacking interaction. In flunarizinediium bis(4-toluenesulfonate) dihydrate {systematic name: 1-[bis(4-fluorophenyl)methyl]-4-[(2E)-3-phenylprop-2en-1-yl]piperazine-1,4-diium bis(4-methylbenzenesulfonate) dihydrate}, C 26 H 28 F 2 N 2 2+ Á2C 7 H 7 O 3 S À Á2H 2 O, (II), one of the anions is disordered over two sites with occupancies of 0.832 (6) and 0.168 (6). The five independent components are linked into ribbons by two independent N-HÁ Á ÁO hydrogen bonds and four independent O-HÁ Á ÁO hydrogen bonds, and these ribbons are linked to form a three-dimensional framework by two independent C-HÁ Á ÁO hydrogen bonds, but C-HÁ Á Á(arene) hydrogen bonds and aromaticstacking interactions are absent from the structure of (II). Comparisons are made with some related structures.
Introduction
Flunarizine {systematic name: 1-[bis(4-fluorophenyl)methyl]-4-[(2E)-3-phenylprop-2-en-1-yl]piperazine} is a nonselective calcium-channel blocker (Amery, 1983; Fagbemi et al., 1984; Tarland & Flatmark, 1999) which is effective in the prophylaxis of migraine, occlusive peripheral vascular disease and vertigo of central and peripheral origin, and also as an adjuvant in the therapy of epilepsy. Its pharmacodynamic and pharmacokinetic properties and its therapeutic use have been reviewed (Holmes et al., 1984) . Brief reports on the structures of several salts derived from flunarizine Shivaprakash et al., 2014) and from substituted piperazine derivatives closely related to flunarizine Kavitha, Yildirim et al., 2013) have been published recently, and we report here the molecular and supramolecular structures of flunarizinium nicotinate, (I) (Fig. 1) , and flunarizinediium bis(4-toluenesulfonate) dihydrate, (II) (Fig. 2) . The main purposes of the present study are, firstly, to compare the supramolecular assemblies of (I) and (II), and, secondly, to compare the structures of (I) and (II) with those of some closely related analogues.
Experimental

Synthesis and crystallization
For the synthesis of salt (I), flunarizine free base (4.05 g, 0.01 mol) and nicotinic acid (1.23 g, 0.01 mol) were dissolved in hot dimethylformamide (5 ml) and the solution was stirred for 10 min. The solution was then allowed to cool slowly to ambient temperature in the presence of air. Colourless crystals of (I) suitable for single-crystal X-ray diffraction appeared after a few days and were collected by filtration (m.p. 383- (Flack, 1983 ) determined using 2539 quotients [(I + ) À (I À )]/[(I + ) + (I À )] (Parsons et al., 2013) -Absolute structure parameter 0.10 (15) -Computer programs: APEX2 (Bruker, 2010) , SAINT (Bruker, 2010) , SHELXS97 (Sheldrick, 2008) , SHELXL2014 (Sheldrick, 2014) and PLATON (Spek, 2009 ).
Figure 1
The independent components of salt (I), showing the atom-labelling scheme and the N-HÁ Á ÁO hydrogen bond (dashed line) within the selected asymmetric unit. Displacement ellipsoids are drawn at the 30% probability level.
tals were all of very indifferent quality and about a dozen individual crystals were subjected to preliminary examination using polarizing microscopy; none showed any visible signs of twinning or intergrowth. Three data sets were obtained from the two most promising looking crystals and the refinement reported here results from the best of these data sets, although all three gave essentially identical solutions. For all three data sets, it was apparent from an early stage that one of the anions, that containing atom S61 (Fig. 2) , was disordered over two sets of sites. For the minor orientation, the directly bonded distances and the one-angle distances were restrained to be equal to the corresponding distances in the major orientation, subject to standard uncertainties of 0.005 and 0.01 Å , respectively. In addition, the anisotropic displacement parameters for the corresponding pairs of partial-occupancy atoms which occupied approximately the same regions of physical space were constrained to be identical. Subject to these conditions, the site occupancies for the two orientations refined to 0.832 (6) and 0.168 (6). Because of the rather weak diffraction at high angles, all reflections having > 25.5 were omitted from the final refinements for hydrated salt (II). Examination of the refined structures of (I) and (II) using PLATON (Spek, 2009) showed an absence of any solventaccessible voids for both structures. For the rerefinement of (VI) (see Results and discussion, x3), the reported unit cell in the space group P2 1 /n The independent components of hydrated salt (II), showing the atom-labelling scheme and the O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds (dashed lines) within the selected asymmetric unit. Displacement ellipsoids are drawn at the 30% probability level and the site occupancies for the two orientations of the disordered anion are 0.832 (6) and 0.168 (6). The pairs of atomic sites S61 and S61A, and O63 and O63A, are nearly coincident and, for the sake of clarity, the atom labels C61A-C67A, S61A and O63A have been omitted.
Table 2
Hydrogen-bond geometry (Å , ) for (I).
Cg1 and Cg2 represent the centroids of the C11-C16 and C31-C36 rings, respectively. Symmetry codes: (i) x; Ày þ 1; z þ 1 2 ; (ii) x À 1; Ày þ 1; z þ 1 2 ; (iii) x; Ày þ 2; z À 1 2 ; (iv) x; Ày þ 1; z À 1 2 ; (v) x; y; z À 1. Table 3 Hydrogen-bond geometry (Å , ) for (II). 
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Results and discussion
Salt (I) consists of flunarizinium monocations, in which protonation of the flunarizine free base has occurred selectively at atom N4, which is the N atom more remote from the electronegative fluorophenyl units, and nicotinate anions; the asymmetric unit was selected such that the two ions within it are linked by an N-HÁ Á ÁO hydrogen bond ( Fig. 1 and Table 2 ). The constitution of (II) is more complex, comprising a flunarizinediium dication, two 4-methylbenzenesulfonate anions, one of which exhibits positional disorder, and two water molecules. Accordingly, there is considerable flexibility in the choice of the asymmetric unit. However, it is possible to specify a reasonably compact asymmetric unit within which the five independent components are linked by N-HÁ Á ÁO and O-HÁ Á ÁO hydrogen bonds ( Fig. 2 and Table 3 ).
In each of (I) and (II), the pyrazine ring adopts a chair conformation, with the two hydrocarbyl substituents occupying equatorial sites (Figs. 1 and 2). The ring-puckering parameters (Cremer & Pople, 1975) , calculated for the atom sequence N1-C2-C3-N4-C5-C6, are Q = 0.5934 (17) Å , = 3.56 (15) and ' = 345 (3) for (I), and Q = 0.554 (3) Å , = 3.0 (3) and ' = 326 (8) for (II). For an ideal chair conformation, the value of is exactly zero (Boeyens, 1978) .
The 3-phenylprop-2-en-1-yl substituents in (I) and (II) adopt very similar orientations relative to the piperazine ring and very similar overall conformations, as shown by the relevant torsion angles (Tables 4 and 5 ). On the other hand, the orientations of the two independent fluorophenyl rings are somewhat different in the two compounds. This may be ascribed, at least in part, to the different direction-specific interactions involving these rings in the two compounds, including the C-HÁ Á ÁO and C-HÁ Á Á(arene) hydrogen bonds and the aromaticstacking interactions, which differ markedly between the two compounds, as discussed below. There is no internal symmetry in the cation in either compound, so that these cations are conformationally chiral. However, in each case, the presence of glide planes confirms that equal numbers of the two conformational enantiomers are present.
Within the selected asymmetric unit of (I) ( Fig. 1) , the two components are linked by a rather short and nearly linear charge-assisted (Gilli et al., 1994) N-HÁ Á ÁO hydrogen bond (Table 2) . Ion pairs of this type are linked by three independent C-HÁ Á ÁO hydrogen bonds ( Table 5 Selected torsion angles ( ) for (II). Selected torsion angles ( ) for (I).
Figure 3
Part of the crystal structure of salt (I), showing the formation of a hydrogen-bonded C(7) chain parallel to [001] and built from nicotinate anions only. Hydrogen bonds are shown as dashed lines and, for the sake of clarity, H atoms not involved in the motif shown have been omitted. Atoms marked with an asterisk or a hash symbol (#) are at the symmetry positions (x, Ày + 2, z À 1 2 ) and (x, Ày + 2, z + 1 2 ), respectively.
Figure 4
A stereoview of part of the crystal structure of salt (I), showing the formation of a hydrogen-bonded C 2 2 (7) chain parallel to [001] and containing alternating C-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds, shown as dashed lines. For the sake of clarity, H atoms bonded to C atoms which are not involved in the motif shown have been omitted.
readily analysed in terms of three fairly simple one-dimensional substructures (Ferguson et al., 1998a,b; Gregson et al., 2000) . The simplest of these substructures involves only the nicotinate component, where anions related by the c-glide plane at y = 1 are linked into a C(7) chain (Bernstein et al., 1995) running parallel to the [001] direction (Fig. 3 ). The C-HÁ Á ÁO hydrogen bond having atom C3 as the donor, together with the N-HÁ Á ÁO hydrogen bond, link ion pairs related by the c-glide plane at y = 1 2 to form a C 2 2 (7) chain, also running parallel to the [001] direction (Fig. 4 ). The combination of the two chain motifs parallel to [001] generates a sheet lying parallel to (100) and such sheets are linked by the third onedimensional substructure. In this final substructure, the C-HÁ Á ÁO hydrogen bond having atom C13 as the donor links ion pairs, again related by the c-glide plane at y = 1 2 , but this time forming a C 2 2 (13) chain running parallel to the [201] direction ( Fig. 5 ), so completing the formation of the three-dimensional structure.
The resulting framework of (I) is modestly reinforced by two fairly long C-HÁ Á Á(arene) hydrogen bonds (Table 2) and by an aromaticstacking interaction. Between the C21-C26 ring in the cation at (x, y, z) and the C31-C36 ring in the cation at (À1 + x, 1 À y, À 1 2 + z) there is a ring-centroid separation of 3.6986 (11) Å . The dihedral angle between the ring planes is 5.02 (9) and the shortest perpendicular distance from the centroid of one ring to the plane of the other is 3.3875 (8) Å , corresponding to a nearly ideal ring-centroid offset of ca 1.48 Å .
In (II), the five independent components are again linked into a three-dimensional framework structure by a combination of O-HÁ Á ÁO, N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds (Table 3) , although C-HÁ Á Á(arene) hydrogen bonds and aromaticstacking interactions are absent from the structure. The framework of (II) is considerably more complex than that of (I) but, as for (I), its formation can readily be analysed in terms of low-dimensional substructures. The principal substructure involves only O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds. The five-component aggregates (Fig. 2) , which are related by translation along [100], are linked to form a broad ribbon in which the cations, acting as twofold donors in N-HÁ Á ÁO hydrogen bonds, alternate with R 3 4 (10) rings built from the two independent anions and the two independent water molecules ( Fig. 6 ). Four of these ribbons pass through each unit cell, with the hydrogen bonds lying approximately along the lines (x, 0.4, 0.1), (x, 0.9, 0.4), (x, 0.6, 0.9) and (x, 0.1, 0.6).
The structure of (II) contains a number of short intermolecular C-HÁ Á ÁO contacts (Table 3) . However, the majority of these lie either within the selected asymmetric unit or within the ribbon built from the O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds, or they have C-HÁ Á ÁO angles close to 140 , such that they cannot be regarded as structurally significant (Wood et al., 2009 ). Hence, the only two of these interactions which can be regarded as structurally significant hydrogen bonds influencing the overall dimensionality of the supramolecular assembly are those having atoms O51 and O61 as the acceptors, and each of these hydrogen bonds can be regarded as the basis of a simple substructure.
The C-HÁ Á ÁO hydrogen bond involving atom O51 leads to the formation of a C 2 3 (16) chain running parallel to the [010] direction, comprising only the cation, the anion containing atom S51 and the water molecule containing atom O71, and built from components related by the 2 1 screw axis along (0, y, 1 4 ) (Fig. 7) . The effect of this chain motif is to link the [100] chains in the domain 0 < z < 1 2 into a sheet lying parallel to (001). A second sheet of this type, related to the first by inversion, lies in the domain 1 2 < z < 1.0. The final substructure involves, in addition to the cation, the anion containing atom S61 and the water molecule containing atom O81 (i.e. those A stereoview of part of the crystal structure of salt (I), showing the formation of a hydrogen-bonded C 2 2 (13) chain parallel to [201] and containing alternating C-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds, shown as dashed lines. For the sake of clarity, H atoms bonded to C atoms which are not involved in the motif shown have been omitted.
Figure 6
A stereoview of part of the crystal structure of hydrated salt (II), showing the formation of a hydrogen-bonded ribbon parallel to [100] . Hydrogen bonds are shown as dashed lines and, for the sake of clarity, H atoms not involved in the motif shown have been omitted and only the major orientation of the disordered anion is shown. not participating in the chain along [010]), and it takes the form of a finite zero-dimensional motif characterized by an R 4 6 (14) ring (Fig. 8 ). The effect of this ring motif is to link directly the sheet in the domain 0 < z < 1 2 with two adjacent sheets in the domains 1 2 < z < 1.0 and À 1 2 < z < 0, so completing the formation of the three-dimensional framework structure.
It is of interest briefly to compare the supramolecular assembly in some closely-related compounds with that reported here for (I) and (II). Flunarizine forms 1:1 salts with both succinic and maleic acids, and in flunarizinium hydrogen succinate, (III) , the anion adopts an extended chain conformation such that the carboxylic acid -OH group is available as a donor in the formation of inter-anion O-HÁ Á ÁO hydrogen bonds. By contrast, the anion in flunarizinium hydrogen maleate, (IV) , contains a short intra-anion O-HÁ Á ÁO hydrogen bond, forming an S(7) motif, and the carboxylic acid -OH group is not available as a donor for the formation of hydrogen bonds with other entities in the structure. In (III), a combination of O-HÁ Á ÁO, N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds links the component ions into a three-dimensional framework structure. The supramolecular structure of (IV) was described in the original report as a chain, but re-examination of this structure using the published atomic coordinates shows the structure to consist of a ribbon built from alternating edge-fused S(7) and R 3 3 (11) rings ( Fig. 9 ). In flunarizinediium dichloride hemihydrate, (V) (Shivaprakash et al., 2014) , the independent ionic components are linked by two nearly-linear charge-assisted N-HÁ Á ÁCl hydrogen bonds and symmetry-related pairs of these ion triplets are linked by O-HÁ Á ÁCl hydrogen bonds, where the donor is a water molecule lying across a twofold rotation axis, to form a seven-component aggregate. Two independent and nearly linear C-HÁ Á ÁCl hydrogen bonds link these aggregates into a complex ribbon. There are also two short C-HÁ Á ÁO contacts in the structure of (V), but in each the HÁ Á ÁO distance (2.67 and 2.68 Å ) exceeds the sum of the van der Waals radii (2.61 Å ; Bondi, 1964; Rowland & Taylor, 1996) while having C-HÁ Á ÁO angles close to 140 (cf. Wood et al., 2009) , so that neither of these contacts is structurally significant. Part of the crystal structure of hydrated salt (II), showing the formation of a centrosymmetric hydrogen-bonded R 4 6 (14) motif which links adjacent (001) sheets. Hydrogen bonds are shown as dashed lines and, for the sake of clarity, components not involved in the motif shown and H atoms bonded to C atoms not involved in the motif shown have been omitted. Atoms marked with an asterisk are at the symmetry position (Àx + 1, Ày + 1, Àz).
Figure 9
A stereoview of part of the crystal structure of (IV), showing the formation of a hydrogen-bonded ribbon containing alternating S(7) and R 3 3 (11) rings. The original atomic coordinates have been used. Hydrogen bonds are shown as dashed lines and, for the sake of clarity, H atoms not involved in the motifs shown have been omitted.
Figure 7
A stereoview of part of the crystal structure of hydrated salt (II), showing the formation of a hydrogen-bonded C 2 Cinnarizine {systematic name: 1-diphenylmethyl-4-[(2E)-3phenylprop-2-en-1-yl]piperazine} is also a calcium-channel blocker, which differs from flunarizine only in the absence of the 4-fluoro substituents in the diarylmethyl unit. Cinnarizine forms a dihydrated 1:2 salt, (VI), with 4-toluenesulfonic acid . Compound (VI) appears to be isomorphous with (II), although it was refined in the alternative P2 1 /n setting, rather than in P2 1 /c as for (II). There is very little discussion of the supramolecular assembly in the original report, apart from a listing of the O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds, while C-HÁ Á ÁO hydrogen bonds were not mentioned. Re-examination of the supramolecular assembly of (VI) using the published atomic coordinates shows that it contains the same type of ribbon along [100], built from O-HÁ Á ÁO and N-HÁ Á ÁO hydrogen bonds, as found here for (II) (cf. Fig. 6 ). In addition, there are two significant C-HÁ Á ÁO hydrogen bonds in the structure of (VI), one of which generates a C 2 3 (16) chain running parallel to [010], while the other generates a centrosymmetric R 4 6 (14) motif, entirely comparable with the action of the corresponding hydrogen bonds in (II) (cf. Figs. 7 and 8). Hence (II) and (VI) are isostructural, as confirmed by a new refinement for (VI) carried out in the space group P2 1 /c using the deposited structure-factor data. This refinement, using the coordinates of (II) as the starting point, but with the two F atoms replaced by H atoms, converged to R = 0.0197 for 7891 observed reflections and 509 parameters subject to 27 restraints, with refined site occupancies for the disordered anion of 0.804 (2) and 0.196 (2), thus demonstrating clearly the isostructural nature of (II) and (VI). It is noteworthy that the absence of F substituents from (VI) appears to have no significant influence on the structure, apart from the minor and expected difference in the unit-cell volumes for (II) and (VI), viz. 3853.2 (3) Å 3 at 200 (2) K and 3801.25 (14) Å 3 at 100 (2) K, respectively.
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Hydrogen-bond geometry (Å, º) Cg1 and Cg2 represent the centroids of the C11-C16 and C31-C36 rings, respectively. 
